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INTRODUCT ION

The permeability of intact and fractured Westerly Granite has been
measured under conditions in which the fluid was passed through the rock down
an applied temperature gradient (Morrow et al., 1981; Moore et al., 1983).
These experiments simulated the movement of fluids around encapsulated
radioactive waste deposited in mined cavities. Substantial reductions in
permeability occurred during these experiments. As an example, permeability
decreased ly a factor of 25 during experiment NWD 2200, which lasted for 2
weeks (labelled W300 in Moore et al., 1983). The aim of this paper is to
provide some insight into the physical characteristics of the rock which are
responsible both for its permeability and for the changes in permeability with
time during the experiments.

The permeability of Westerly Granite is strongly influenced ly the effec-
tive pressure, defined as confining pressure minus pore pressure. Increasing
the effective pressure ty a factor of 10 causes the permeability of Westerly
Granite to decrease ly a factor of 10 (Brace et al., 1968). This decrease was
attributed to the closure of low aspect ratio cracks. Aspect ratio is defined
as the ratio of the shortest to the longest dimension of a crack.

Further studies (Brace, 1977; Hadley, 1976) have demonstrated conclusively
that low aspect ratio cracks control the permeability of Westerly Granite.
Resistivity measurements made on Westerly Granite had indicated that the
hydraulic radius was relatively independent of pressure (Brace et al., 1968),
even though one would expect the hydraulic radius to change with effective
pressure due to probable changes in the mean aspect ratio of cracks. However,
Brace (1977) showed that the distribution of crack dimensions (Hadley, 1976)
is such that, as effective pressure is raised, the continued closing of the
Towest aspect ratio cracks does not significantly change the mean aspect ratio
of the remaining open cracks. In Westerly Granite the high aspect ratio
cracks (pores) are isolated and do not form continuous fluid pathways
(Montgomery and Brace, 1975). Thus, in looking for an explanation of the
large permeability reduction observed by Moore et al. (1983) it seems most
worthwhile to examine the low aspect ratio cracks. It is believed that most
low aspect ratio cracks in granitic rocks are closed at an effective pressure
somewhere in the range of 50 MPa (Simmons and Caruso, 1983) to 100-200 MPa
(Warren, 1977). Because the effective pressure in the experiment of Moore
et al. (1983) was 40 MPa, some fraction of the original set of low aspect
ratio cracks should have remained open.

The reductions in permeability observed during the experiments of Moore
et al. (1983) were attributed to filling of cracks which comprised the fluid
pathways Ly material that had been dissolved in other regions of the sample
where the temperature was higher (Morrow et al., 1981; Moore et al., 1983).
Based on SEM (scanning electron microscope) observations they identified
silica and zeolitic fibers 1ining fracture surfaces in a sample that had been
fractured prior to testing. Morrow et al. (1981) concluded that the
degosition of these materials was the probable cause of the permeability
reduction.
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The discharged fluids were periodically collected during the permeability
experiments and chemically analyzed (Moore et al., 1983). Thermodynamic
calculations indicated that, for most experiments, these fluids were super-
saturated with respect to quartz for the temperatures measured at the outer
surface of the cylindrical samples. Thus precipitation of quartz could occur
at least near the outer edge of the sample; however, this would not rule out
the possibility of precipitation of some other silicate instead. In fact,
precipitation of zeolites on feldspars has heen observed (Morrow et al., 1981).
The transport and precipitation of material in cracks over grain-scale and
larger distances are termed crack-sealing processes (Smith and Evans, 1984),

A different potential mechanism for permeability reduction is crack
healing, as opposed to crack sealing. Crack healing occurs bty dissolution and
reprecipitation of minerals on a local scale within cracks such that the
precipitated material is in crystallographic continuity with the surrounding
?rain (Smith and Evans, 1984; Simmons and Richter, 1976). Smith and Evans

1984) conducted annealing experiments on a fractured pure quartz sample to
study crack healing under hydrothermal conditions. Their results emphasized
the importance of a pore fluid to the crack healing process, hecause crack
healing occurred at 400 C in the presence of a pore fluid but it did not occur
at 600 C in the absence of such a fluid.

In experiments with pgyyid=ptota] at 200°C (Smith and Evans, 1984),
crack healing did not occur %or experiment lengths of up to 2 days. The
original surface structure of cracks, including surface steps and hackle
marks, was still present. The crack healing results, therefore, indicate that
there is a significant temperature dependence. These observations suggest
that, for temperatures lower than 200 C, crack healing would not be signifi-
cant for times on the order of the experimental length. Thus, we would expect
crack healing to be significant only for those portions of our samples that
were abtove 200 C during the experiments.

Al though a reduction of permeability in intact granite has been found in
several experiments (Morrow et al., 1981; Moore et al.,1983), detailed observa-
tions of the cracks in intact samples using the SEM were not made. One goal
of this work was to examine the low aspect ratio cracks, in order to determine
what changes might have occurred during the experiments. Such observations
could provide information regarding the mechanism of permeability reduction.
For example, SEM studies of cracks in different parts of the sample might
reveal where crack-sealing or crack-healing processes had occurred. Further-
more, the composition of material contained in the Tow aspect ratio cracks may
:Eogggennined, in a qualitative sense, ly energy dispersive x-ray analysis

To accomplish this goal, we examined one of the intact Westerly Granite
samples (NWD 2200, called W300 in Moore et al., 1983) utilizing an optical
* microscope and a scanning electron microscope (SEM). Westerly Granite was
chosen because information is readily available on this rock, including the
statistical distribution of crack dimensions (Sprunt and Brace, 1974; Hadley,
1976). This particular sample was chosen because the permeability reduction
observed was representative of that found in the intact granite samples.
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A second goal of this study was to determine the effect of introducing an
artificial fluid pathway in the rock, in this case, a polished interface. The
polished interface provided an opportunity to examine a flat surface along
which flow had occurred. This surface could potentially show dissolution
and/or precipitation of material and therety give some indication of where in
the samples these processes might have occurred. The results of this experi-
ment differed from expectations and, as a result, bear no specific relationship
to the central question regarding the mechanism of the permeability reduction
in intact samples. Thus, the discussion of this experiment is given in
Appendix B,

PERMEABILITY EXPERIMENTS
Procedures

The intact sample of Westerly Granite used in experiment NWD 2200 had a
7.62 cm outside diameter, a 1.27 cm borehole diameter and length of 8.89 cm
(Figure 1). The experiments consisted of passing a fluid down a small pore
pressure gradient that was maintained between the axial internal borehole and
the outer edge of a cylindrical rock sample. The fluid was initially deionized
water. The fluid in the borehole was heated by a gold-coated resistance heater
(Figure(l). )Further details on the NWD 2200 experiment are given in Moore
et al. (1983).

The procedure for determination of permeabilities in samples suhbjected to
a temperature gradient is detailed in several publications (Morrow et al.,
1981; Moore et al., 1983). Briefly, the flow rates are determined ty measuring
the volume of water pumped into the borehole during an experiment. Permeabili-
ties are calculated from the flow rates and the pore pressure gradient using
Darcy's Law. Permeability data for the NWD 2200 experiment are listed in
Table 1 and the chemical data in Table 2. Permeability and chemical data are
also listed for a second experiment, NWD 3300, in these tables. The NWD 3300
experiment is discussed in Appendix B. Permeability is plotted against time
from the initial heating for both experiments (Figure 2). The data for
NWD 2200 have been published elsewhere (Moore et al., 1983) but those for
NWD 3300 are presented here for the first time.

SCANNING ELECTRON MICROSCOPY
Procedures

The samples from each experiment were examined in a Cambridge Stereoscan
250* scanning electron microscope (SEM) equipped with a Tracor Northern* energy
dispersive x-ray detector. This detector proved very useful for making
qualitative determinations of the composition of filling in cracks and for
identifying the minerals in the SEM,

* Use of commercial trade names is for descriptive purposes only and does not
imply endorsement Ly the U.S. Geological Survey.
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A cylindrical butt of the starting material and two butts of the NWD 2200
sample were highly polished with a series of alumina powders down to 1 micron.
The butts from NWD 2200 were taken from cores cut parallel to the axis of the
sample. The polished surfaces of these butts were located about 2 cm from one
end of the sample. The butts were polished with a series of alumina powders
with grit sizes down to 1 micron and finally with 0.3 micron Ce203. The
surface preparation consisted of ion beam thinning which removes the damaged
layers from the surface produced Ly the grinding and polishing procedure
(Sprunt and Brace, 1974). A Technics model MIM 4* was used with high voltage
set at 6 kV and a beam current of about 1 mA. For further details on the
thinning procedure see Sprunt and Brace (1974). Topography introduced ty long
thinning times can obscure the original features of a sample. Sprunt and
Brace(1974) found that significant topography developed for thinning times
greater than 6 hours. Thus we used thinning times of 5 hours.

In addition to these samples, two crack sections (Simmons and Richter,
1976) were prepared from NWD 2200 for both optical and SEM examination.
Crack sections are about 150 microns thick as compared to standard thin
sections, which are only 30 microns thick. These sections were oriented the
same as the butts, normal to the axis of the sample, but they were located
near the middle of the sample cylinder. The greater thickness of the crack
sections serves two purposes. First, the cracks can be examined in the third
dimension ty adjusting the focus on a petrographic microscope and, second, the
thicker sample is less 1ikely to have cracks introduced ty the thin-sectioning
process. The crack sections were highly polished on both sides, using a range
of diamond pastes from 6 to 1 micron and a final polish with 0.3 micron
alumina. The polished surface provided satisfactory SEM images, with the
crack fillings showing only minor disturbance ty the polishing. These crack
sections were not ion-milled.

Detailed SEM observations were made on the prepared butt of the Westerly
starting material and on two butts from sample NWD 2200. Three areas were
examined on the two hutts from the NWD 2200 experimental sample. They were
lTocated approximately 1 mm from the outer edge, 1 mm from the central borehole
and 5 mm from the central borehole (Figure 3). The areas immediately adjacent
to the borehole and the outer edge were chosen because they represent the two
extremes with regard to temperature in the samples. The area located 5 mm
from the borehole was chosen because kinetic calculations indicate that in
this region of the sample precipitation of quartz will be greatest. These
calculations are discussed in detail in Appendix A. A mosaic of overlapping
SEM micrographs covering an area of 5 mm2 (100X, about 20 grains) was
constructed for each of the three locations in the NWD 2200 sample. Mosaics
are a useful way to map the cracks in an area consisting of several grains
because they provide a better statistical sample than may be obtained from
isolated micrographs. Specific locations along intragranular cracks and grain
boundaries were chosen on these mosaics for examination at much higher
magnification. An attempt was made to choose areas that were as representa-
tive as possible for the mosaics given the constraints of the relatively
coarse grain size and the many different types of grain boundaries present
among the various minerals.



The SEM could also be operated in a mode in which an image was formed ty
collecting electrons emitted from the sample at high angles to the surface.
This mode, called back-scattered electron imaging ?BSE) is sensitive to the
mean atomic number in an area, making it possible to identify minerals hased
on differences in the intensity of the back-scattered radiation. In addition
to the SEM mosaic, a similar mosaic of BSE micrographs was constructed for
each of the areas chosen. Both grain boundary cracks and intragrain cracks
were more readily identifiable in the BSE mode at relatively low magnifications
(Tess than 500X). Cracks of less than 0.1 microns width do not contribute
significantly to permeability hased on the distribution of crack widths (Brace,
1977). Therefore, we have examined those larger cracks which are easily
visiMe in the SEM at 100X. We utilize the terminology presented by Simmons
and Richter (1976) regarding cracks.

OBSERVATIONS
Starting Material

A virgin sample of Westerly Granite was examined in order to help distin-
guish between features that were initially present in the rock and those that
were formed as a result of the experiment. These observations also permitted
a qualitative comparison of the starting material with Westerly Granite
samples studied by Sprunt and Brace (1974) and Hadley (1976). Crack character-
istics of the starting material are generally consistent with the observations
of Sprunt and Brace (1974) and Hadley (1976), on virgin Westerly Granite except
for some transgranular cracks that were present in our sample. Transgranular
cracks are those intragrain cracks which meet two grain boundaries. Such
cracks are present in some of the smaller grains, especially quartz, and have
maximum length of abtout 300 microns in the 5 mm2 area examined.

Most intragranular cracks are open, that is, they do not contain a filling
material. However, these cracks are sometimes filled along short portions of
their length, in which case the filling material is referred to as a bridge.
Crack bridges were first observed ty Sprunt and Brace (1974) in Westerly
Granite. In the starting material the bridges are composed primarily of a
silica-rich material.

The grain boundaries between the two feldspars are almost always uncracked.
However, about 50% of grain boundaries between quartz grains and between
quartz and feldspar are cracked. Figure 4a contains an example of a quartz -
K-feldspar grain boundary that is not cracked, whereas 4b shows an intragranu-
lar crack in quartz intersecting a cracked quartz-K-feldspar grain boundary.
The grain boundary cracks are about the same length as the diameter of quartz
grains.

Pores are present in all three of the major phases. They are most
abundant in plagioclase, less abundant in K-feldspar and least common in
quartz. The pores present in plagioclase occur preferentially in distinct
compositional zones. In places where intragrain cracks run through the zones
of high pore density the crack surfaces are rough, btut, generally, the intra-
grain crack surfaces are smooth.



NWD 2200

As a general characteristic, the crack density in the experimental sample,
NWD 2200, was greater in the area near the outer edge of the cylinder than in
the two areas close to the borehole. Fillings occur in many of the cracks in
all three areas. However, there are some important differences in the texture
and local distribution of the fillings in the three areas.

Crack dimensions are of fundamental importance in detemmining the crack
porosity of a rock and, therely, the permeability. The arithmetic mean of
crack widths near the borehole, near the outer edge and in the starting
material are, 0.3, 0.4 and 0.4 microns, respectively. Therefore, no signifi-
cant variation in crack width occurs among these samples. In addition to
intragrain cracks and grain boundary cracks there are also intergrain cracks
which pass through grain boundaries and may pass from one mineral into another.

Intragrain Cracks - NWD 2200

With regard to the type and distribution of intragrain cracks, the quartz
in the NWD 2200 sample is markedly different from the two feldspars. For this
reason, the descriptions of cracks in quartz and those in the feldspars are
separated.

Quartz

In sample NWD 2200, all three of the major minerals contain intragrain
cracks, with the highest density occurring in quartz. Several large inter-
secting cracks form a loose network which connects the grain boundaries in
most quartz grains. These cracks are easily distinguishable in both the
petrographic microscope and 100X SEM micrographs, making it possible to
correlate optical and SEM observations. As quartz grains tend to occur in
clusters, the intragrain cracks are intimately associated with grain boundary
cracks and, in the SEM, it is difficult to distinguish large intragrain cracks
from cracked grain boundaries (Figure 5). However, it was possible to make
this distinction ty examining the same areas in crack sections in a petro-
graphic microscope. Intragrain cracks have been identified and marked in
Figure 5 with small arrows. The unmarked cracks in Figure 5 are grain
boundary cracks.

The length of intragrain cracks ranges from the diameter of a pore (a few
microns) up to the grain size (several hundred microns, Figure 5). The outer
edge of the NWD 2200 sample has a higher density of transgranular cracks than
does the starting material. However, the density of transgranular cracks in
the two areas of the NWD 2200 sample near the borehole appears to be lower
than in the starting material. The intragrain cracks in the starting material
(Figure 6a) are similar in size and appearance to those in the two areas near
the borehole (Figures 6¢c and 6d). The width of the Targe intragrain cracks in
the starting material and in all three areas of the NWD 2200 sample ranges
from 0.1 to 1.0 microns, disregarding the presence of filling (Figure 6). The
walls of the larger cracks in NWD 2200 have a high degree of surface roughness,



making it difficult to estimate their width accurately (Figure 6b). In iso-
lated places the intragrain cracks are highly curved but generally they are
straighter than grain boundary cracks.

In addition to large intragrain cracks, many smaller ones occur which are
not observable at a magnification of 100X. For example, Figure 7 shows a
quartz grain near the outer edge of the NWD 2200 sample containing a narrow
intragrain crack which could only be distinguished at lower magnifications as
a chain of pores. This particular microcrack is less than 0.1 micron wide and
may even be completely closed. A gradation exists between the rough surfaces
of large cracks as in Figure 6b and the clearly separated pores of Figure 7.

Feldspar

Large intragrain cracks in the feldspars are generally similar to those in
quartz, although they are somewhat less numerous and have widths of as much as
a few microns ?Figure Ba). The intragrain cracks in feldspar in the starting
material have a high surface roughness that is related to the high density of
pores in plagioclase. In places where the intragrain cracks intersect pores
the crack surface is scalloped (Figure 8b). Pore density in K-feldspar is
lower than in plagioclase and, correspondingly, there is less crack surface
roughness. Otherwise, intragrain cracks in the two feldspars are similar.
High surface roughness appears to be enhanced as a result of the experiment
because pores occur more frequently along intragranular cracks in the experi-
mental sample (Figure 8b) than in the starting material (Figure 8a). In this
regard, the behavior of the feldspars is similar to that of quartz. The
feldspars also contain both open and filled cracks in all three areas
(Figures 8, 8d, 9b).

The grain size of the feldspars is larger than that of quartz, but the
maximum crack length is about the same (300 microns). Thus, the feldspars
contain fewer transgranular cracks. The intragranular cracks in feldspars can
be several microns wide in places because of the high surface roughness.
Cleavage cracks occur in the feldspars, but such cracks are usually restricted
to the interiors of grains and are narrower than the other intragrain cracks
(Figure 10, marked C). The cleavage cracks also are distinguishable by their
orientation and lack of curvature.

Grain Boundary Cracks

Simmons and Richter (1976) classified grain boundary cracks as coincident,
that is, following the grain boundary; or non-coincident, occurring within a
single grain and intersecting a grain boundary. The experimental sample
contains arrays of intersecting, transgranular cracks which form networks ly
meeting cracked grain boundaries (Figure 4b). Such transgranular cracks are
especially prevalent in quartz. Because these intragranular cracks meet grain
boundaries they might be classified as non-coincident grain boundary cracks.
However, the question of whether these cracks are specifically related to the
grain boundary is difficult to answer. In discussing grain boundary cracks,
we refer only to the coincident grain boundary cracks.



Most of the grain boundaries between feldspars in the starting material
were closed, and they have remained closed during the experiment in all three
areas examined (Figure 9). Out of 10 locations examined along different
plagioclase - K-feldspar grain boundaries in the NWD 2200 sample, only one
grain boundary appeared cracked. The grain boundaries between quartz and the
feldspars and those between quartz and the minor minerals in the NWD 2200
sample are frequently cracked. However, the data are insufficient to detemmine
whether a significant difference exists between the NWD 2200 sample and the
starting material in this regard. The grain boundaries between quartz grains
were often cracked in the NWD 2200 sample and the interconnection of these
cracks with intragranular cracks forms a network that is generally not present
in feldspar.

Pores

Pores are present in all three of the major phases. The pores are most
abundant in plagioclase, less abundant in K-feldspar, and least common in
quartz. They have widths up to about 10 microns. Pores present in the
plagioclase occur preferentially in certain compositional zones, both in the
starting material (Figure 8a) and, essentially unchanged, in the experimental
sample. The pores in K-feldspar and quartz can be divided into two types;
isolated pores and pores associated with cracks. The pores associated with
cracks tend to be elongate parallel to the plane of the crack (Figure 7).

Crack Filling

SEM observations on NWD 2200 indicate that most cracks are filled along
some portion of their length. For any given crack, there is a large variabil-
ity in the amount of fi1ling present, both for cracks near the borehole and
near the outer edge. Due to this variability we were not able to determine
quantitatively the fraction of cracks that are filled. Cracks in an area of
?uartz grains near the outer edge of the specimen are predominantly filled

Figure 11b) whereas somewhat more than half of the total crack length examined
in the area nearest the borehole is open (Figure 6¢c, 6d). However, the area
located 5 mm from the borehole appeared to have a greater fraction of filled
cracks than the area 1 mm from the borehole.

Outer Edge

Stereo pair SEM micrographs taken at crack intersections near the outer
edge indicate that the filling material is not massive hut consists of a series
of plates separated ly cavities. The stereo pairs were especially important
in identifying holes in the filling and determining topographic relations
between the filling in the cracks and that in the triple junctions. Stereo
pair SEM micrographs were prepared for intersections labeled B and D in
Figure 5. In these intersections (Figure 1lla) the filling is topographically
lower than the filling in the cracks (Figure 11b). It is platy and contains
small cracks (Figure 1la). In the center of Figure lla there is a dark area
which, in the stereo view, is clearly a hole through the uppermost layer of
fi1ling material to a cavity underneath. Other plates of filling, within this
cavity, are visible through the hole. The filling in the intersection in
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Figure 12a also has a platy appearance with a hole to a cavity underneath the
top layer. This plate-and-void structure is not apparent within cracks except
in the associated pores where the crack width increases to several microns
(Figure 12b).

The composition of the fillings was determined along cracks (intragrain
and grain boundary) for quartz grains only, in order to minimize the
uncertainties due to cations in adjacent minerals. We do not presume that the
compositions of crack fillings in minerals other than quartz are necessarily
the same as those for nearty quartz. In fact, Morrow et al. (1981) found that
mineral fibers on fractured surfaces had compositions that were specifically
related to the mineral host. The filling within the cracks near the outer
edge of NWD 2200 is predominantly Si-rich. In places, the filling contains
some Ca and presumably Si as indicated ty an energy dispersive x-ray spectrum
taken along a crack in quartz (Figure 13a). Several other cracks contain pure
silica fillings, at least within the limited resolution of this technique
(Figure 13b). Sometimes Mn and/or Fe are present as minor constituents. The
peak heights, however, are not reliabe indicators of quantity because the
contributions of adjacent grains to the spectra are not known. In some areas,
the cerium from the polishing compound was detected. The fact that aluminum
was only once found in cracks in the samples polished with Cep03 implies
that the aluminum detected in many of the cracks in the crack sections is from
the polishing compound. Al11 the EDAX spectra in Figure 13 are from samples
polished with Cep03,

Borehole Area

Some cracks in the region immediately adjacent to the borehole have a
massive filling. However, the filled cracks are frequently interrupted ty
open cracks (Figure 14a). These open cracks often have a drusy surface
coating. The open cracks comprise at lTeast 50% of the total crack length near
the btorehole (Figure 14b). This estimate does not take into account cracks
that were too small to be observable in the 100X, mosaic micrographs. This
estimate could also be in error hecause of the possibility that some filled
cracks near the borehole were not distinguishable from the grains themselves.
The Si-rich fillings in cracks near the horehole are often topographically at
the same level as the polished surfaces of the grains (Figure 14a, filled
portion). As a result, these filled cracks were difficult to distinguish at
100X in the SEM which may account for the apparently lower crack density. The
filling itself may be cracked (Figure 15a), hut such cracking may well be
related to depressurization and removal of the sample after the experiment.
Massive Ca-rich fillings are common in the area 5 mm from the borehole
(Figure 15b).

The filling in cracks from both areas near the borehole varies more in
composition than the filling at the outer edge. Material containing both Ca
and Al (Figure 13c) and an almost pure Ca filling (Figure 13d) are present.
These two types of filling were found within 500 microns of each other in
neighboring quartz grains. Other quartz grains contained cracks with almost
pure silica fillings.
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DISCUSSION

The starting material contains low aspect ratio cavities (called cracks
here) with some jsolated bridges (Sprunt and Brace, 1974). The average length
of the cracks is about 1/10 of the grain size (Sprunt and Brace, 1974). This
was confirmed ty Hadley (1976) who also noted that transgranular cracks are
rare. Hadley (1976) defined crack lengths to be those straight sections of
open crack which were separated by at least three crack widths of filling.
Thus, the cracks she dealt with were, ty definition, open. However, many
cracks in sample NWD 2200 contained a filling that was precipitated during the
experiment. Therefore, a direct comparison of crack lengths in this specimen
with those determmined ty Hadley is problematical because it is not possible to
know, from the published statistics, how many straight sections might be 1ined
up and separated ty bridges a few microns long. These would be counted as
separate cracks. However, after the experiment, the original bridges might
not be distinguishable from the rest of the filling. Alternatively, the
original bridges may have been completely dissolved prior to precipitation of
the filling. Thus, to the extent that Hadley (1976) and Sprunt and Brace
(1974) measured such cracks, their determinations of maximum length would be
systematically lower. Furthermmore, Bruner (1984) suggests that Hadley's
technique of considering bridges that were more than three crack widths long
to be crack terminations may result in an underestimate of crack length.
Bruner believed this could explain the discrepancy between measured and
calculated p-wave velocities found by Hadley (1976).

We did not make measurements of crack length but noticed that maximum
crack length in both the starting material and the NWD 2200 sample must have
been larger because transgranular cracks are common if the crack bridges are
ignored. For the experimental sample, this discrepancy in crack length may
not be caused solely ty ambiguities in the definition of cracks. Some of the
difference may be due to the formation of new cracks during pressurization
and/or heating. Certainly one would expect growth of cracks, especially in
the region near the borehole where the temperature change was greatest and
occurred most rapidly. Thermal expansion of the fluid in existing cracks was
probably the dominant factor in crack growth, with anisotropic thermal
expansion of minerals also a 1ikely contributing factor. The density of
transgranular cracks appeared to be higher near the outer edge of the NWD 2200
sample than the density in our sample of the starting material. This may be a
result of the sample preparation or of thermal stresses during the experiment.
However, the density of transgranular cracks near the horehole appeared to be
less, perhaps because of the difficulty in distinguishing cracks filled with
an Si-rich material. Alternatively, cracks near the borehole may have been
closed by crack healing (Smith and Evans, 1984).

The intragranular cracks in quartz grains frequently intersect each other
and the cracked grain boundaries (Figure 5). The feldspars exhibit a somewhat
lower density of large, intragranular cracks and almost no cracks along grain
boundaries with other feldspars. The grain boundaries between feldspars did
not crack open during the experiment. Thus, the regions containing quartz
should be substantially more permeable due to this difference in crack distri-
bution. If the quartz forms continuous pathways through the rock, then the
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permeability is likely to be greater than if it occurs only in isolated
clusters. Therefore, the geometrical distribution of the major phases could

be an important factor in detemmining the permeabilities of granitic rocks.

In Westerly Granite, the inhomogeneities in mineral distribution are on the
scale of several grains; as a result, the crack distribution measured ty Hadley
(1976) may be bhiased if the area chosen was not representative. Because Hadley
(1976) did not distinguish among the various minerals, potential effects of
variations in the distrihution of cracks cannot be ascertained from the
statistics.

In order to model numerically a physical property such as permeability in
a rock in which the fluid pathways are narrow cracks, one must specify a model
for the geometry of the cracks. This is quite difficult if there are substan-
tial variations in the size of cracks. One approach is to determine the
overall permeability for a series of embedded networks (Madden, 1976). In this
model, each network interacts with networks of larger and smaller size in the
same way. Permeability is calculated as an aggregate property of many such
embedded networks. The observations that we have made suggest, however, that
the nature of the interaction with the grain scale network will be different
from interactions between networks of smaller size because of the inhomogene-
ities in crack distribution.

In addition to the low aspect ratio cracks, pores with roughly equal
dimensions are present. In quartz and in K-feldspar these pores appear to be
concentrated along cracks, in which case we have identified them as being
"associated with" the cracks. Commonly such pores are slightly elongate
parallel to the plane of the crack (Figure 7) and may represent cross-sections
through microtubules which commonly occur in granites as a result of crack
healing processes. Pores are much more numerous in plagioclase, making it
difficult to distinguish those which may have formed during the experiment
from those which were initially present along the cracks. Most pores probably
represent fluid inclusions (Montgomery and Brace, 1975) but some may be due to
plucking out of solid mineral inclusions during the grinding process.

The fi1ling material within cracks near the borehole varied in its texture
from a minor drusy surface coating in the majority of the cracks to a massive
deposit. Both silica-rich and calcium-rich deposits occur as massive fillings
in cracks near the borehole. The calcium-rich filling is probably calcite.
The presence of calcite filling near the borehole is not surprising because
calcite that was replacing plagioclase in this region was much more etched
than in the starting material (Moore et al., 1983). This suggests that some
of the calcite in the starting material dissolved during the experiment and
may have been precipitated locally in the cracks. In natural hydrothermal
systems both analcime and calcite have been found filling fractures in the
same rock (Batzle and Simmons, 1976), an occurrence that was attritbuted to
time-varying fluid chemistry. Our results indicate that two distinctly
different types of filling, one silica-rich with possibly some Al and the
other, apparently calcite, can be deposited under the same externally imposed
conditions of confining pressure, temperature, pore pressure and pore pressure
gradient because both of these fillings occur in close proximity near the
borehole. Despite these constant conditions, the composition of fluids
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discharged from the specimen varied with the flow rate and therefore time
(Moore et al., 1983). Also, the concentrations of some species increased or
decreased steadily during the experiment while others exhibited maxima or
minima. Any rationalization of these temporal variations must take into
account the dilution of fluids discharged early in the experiment by fluids
existing initially in the space between the sample and the jacket. However,
the variations of fluid composition in the latter portions of the experiments
indicate that some temporal changes had been occurring in fluid composition
within the samples. These observations illustrate the complexity of chemical
behavior of the fluids even under constant imposed conditions.

It is difficult to predict the composition of fluids within the intact
sample because, (1) the composition of the fluid entering the sample is not
well known and, (2) the fluid composition within the sample changes as a
result of dissolution and precipitation of minerals. The fluid being pumped
into the borehole was deionized water. During its residence time in the
borehole the silica concentration may have increased due to dissolution of
quartz grains on the borehole surface or, possibly, dissolution of the
amorphous silica endpieces. The extent to which this occurred is unknown.

Figure 16 shows plots of the equilibrium silica concentration as a
function of radius in sample NWD 2200. The equilibrium curve marked F & P
(1982) is taken from calculations utilizing estimated temperatures in the
sample and the solubility of quartz (Fournier and Potter, 1982). The curve
marked R & B (1980) is a similar plot utilizing an expression for the solu-
bility of quartz given ty Rimstidt and Barnes (1980). Estimated temperatures
are also plotted against radius in the sample. There is a substantial
discrepancy between the two equilibrium curves at temperatures of 200-300 C
but at lower temperatures the agreement is good. Some disagreement is expected
because the solubilities based on Fournier and Potter's (1983) expression are
a function of specific volume as well as temperature. Based on the plots in
Figure 16, the concentration of silica in fluids entering the sample will
increase towards the equilibrium boundary.

The kinetics of quartz dissolution and precipitation reactions (Rimstidt
and Barnes, 1980) may be used to determine the silica concentration of fluid
within the sample given some assumption of the starting composition within the
borehole. We have made such calculations, and the resulting fluid composition
as a function of radius is plotted in Figure 17. We used an iterative
procedure which is described in Appendix A. The run conditions of NWD 2200
(Table 1) were utilized for the plots in Figure 17. An initial silica content
of zero was chosen for the fluid in the borehole. This fluid was progressively
moved through the sample, which was divided into 20 concentric cylinders. The
residence time in each hypothetical cylinder varied depending on the local
fluid velocity, which is inversely proportional to the radius. Curve A repre-
sents a l-hour total fluid residence time in the sample. This residence time,
as calculated from equation 4 in Appendix A, is representative of the early
stages of experiment NWD 2200. Along curve A, the silica content changes from
zero to more than 300 mg/L in a matter of minutes as the fluid moves into the
sample. The silica content reaches a maximum after the fluid has traveled
about 5 mm into the sample. This maximum corresponds to the crossing of the
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equilibrium solubility curve (labeled C in Figure 17; Rimstidt and Barnes,
1980). Further movement of the fluid outwards in the sample causes a reduction
of the fluid's silica content, but the equilibrium curve, C, falls off much
more sharply. Thus, the fluid has progressively greater degrees of super-
saturation up to its final silica content, 222 mg/L. The curve marked B in
Figure 17 represents the progressive variation of silica content for a fluid
residence time of 24 hours which is characteristic of the latter portion of

- NWD 2200. Again, the silica content changes very rapidly near the borehole to
meet the equilibrium curve, but the velocity of the fluid through the sample
after saturation is slow enough that the silica content deviates only a small
amount from the equilibrium curve. Figure 17 demonstrates that variations in
the fluid residence time caused by, for example, variations in effective
pressure or Ly a progressive reduction of permmeability can cause significant
changes in the silica content of the discharged fluids.

The concentrations of silica in the fluids discharged from NWD 2200
average about 50 mg/L, whereas the average for experiment NWD 2100 (labeled
W250 in Moore et al., 1983) is about 210 mg/L (Moore et al., 1983). It is of
interest to determine whether this difference can be due to variations in the
fluid residence time alone or whether some other variables must be introduced.
For this calculation, the residence times for the two experiments were calcu-
lated from equation 4 in Appendix A from flow rates measured during the period
of 48 to 72 hours after the temperature was raised. The residence time for
NWD 2100 was 2.0 hours and that for NWD 2200 was 5.7 hours, The two A/M (area
of reacting surface/mass of water) ratios are 2500 and 3330 for NWD 2100 and
NWD 2200, respectively. These values reflect the calculated difference in
crack width based on the variation in crack gorosity at the two effective
pressures. The crack porosities are 1.2x10-° and 0.9x10-° for NWD 2100
and NWD 2200 respectively. These numbers were obtained ty adjusting the
initial crack porosity (2x10‘3; Brace et al., 1968) to account for the
closure of cracks Ly the effective pressure. Low pressuyre bulk moduli from
Brace et al. (1968) were used giving a value of 0.9x10-° for the initial
crack porosity at 40 MPa effective pressure.

Two numerical integrations of equation 3 (Appendix A) resulted in final
silica concentrations of 165 mg/L in run NWD 2100 and 65 mg/L in NWD 2200.
Therefore, the variation of fluid residence time accounts for about 60% of the
difference in silica concentration. Two potential sources of the discrepancy
between observed and calculated silica concentrations are: (1) possible differ-
ences in the A/M ratio between the two experiments that are not simply caused
by the closure of cracks at different effective pressures, (2) fundamental
changes in the crack characteristics perhaps due to crack healing which could
be enhanced in the higher temperature experiment (NWD 2200).

Variations in the silica contents of the fluids within the sample reflect
dissolution or precipitation of silica and other silicate minerals in cracks.
The crack porosity of the sample is therefore being changed locally due to
these processes. Figure 18 plots the cumulative effect of both dissg]ution
and precipitation as a percentage of initial crack porosity (0.9x10-°) for
conditions in the NWD 2200 experiment. The calculation of the amount of quartz
precipitated in NWD 2200 as a function of radius is similar to that for the
evolution of fluid compositions (Figure 17). Because fluid residence time
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changed during the experiment, the cumulative effect was determined by running
small amounts of fluid through the hypothetical sample until the sum of these
small amounts was equivalent to the total discharge from the actual sample. A
new residence time was utilized for each incremental amount of fluid that
flowed through. Residence times were obtained from equation 4 in Appendix A
with the flow rate, Q, calculated from a 6th order polynomial that was fitted
to the data. A summation of the amount of silica dissolved or precipitated
was maintained for each hypothetical concentric cylinder of the rock as the
successive increments of fluid moved through. The result of this calculation
is that, in comparison to the crack porosity, very little material was
deposited in the sample. The maximum deposition is about 8% of the crack
porosity at a distance of 3 mm from the borehole (Figure 18). To estimate the
effect of this deposit on permeability, we utilize an equation relating perme-
ability and crack porosity, k = (m2/A)g3 (Brace, 1977). In this equation,

A is a constant, m is hydraulic radius and ¢ crack porosity. We assume that
fi1ling less than 10% of the porosity will not change the hydraulic radius
significantly. This assumption is valid if the precipitated quartz coats all
of the cracks in the sample evenly which may not be the case in our experimen-
tal sample. An even coating will be similar in its effect on permeability to
the application of confining pressure. Brace (1977) has argued that, for
Westerly, the hydraulic radius is independent of effective confining pressure.
Therefore, the variation in permeability is proportional to the cube of the
porosity change. For the 8% maximum porosity change calculated for NWD 2200,
the reduction in permeability is 22%. Thus, this simple precipitation mecha-
nism, in which quartz coats each crack uniformly, can account for about a
fourth of the observed permeability reduction of 96%. Other factors that may
be important in the permeability reduction are: (1) crack healing,

(2) non-homogeneous precipitation of quartz, (3) non-homogeneous precipitation
of other minerals such as calcite and zeolites. Either of the last two possi-
bilities might result in the formation of discontinuous crack fillings which
effectively seal the rock without constituting a volumetrically significant
portion of the crack porosity.

CONCLUSIONS

During a permeability experiment in which heated water was forced through
a cylindrical sample of Westerly Granite in a radial direction down a tempera-
ture gradient (300°C - 92°C), the measured permeability dropped ly a factor of
about 25. The reduction of permeability in this experiment has been attributed
to the dissolution and reprecipitation of minerals on crack surfaces (Moore
et al., 1983). The work reported here focused on the crack characteristics of
the sample and especially the crack fillings. Fillings in cracks in quartz
jmmediately adjacent to the borehole consist of varying proportions of Ca and
Si and even a small amount of Al. Nearly pure silica fillings are common near
the cooler, outer edge of the sample. Most cracks near the outer edge of the
sample are filled, whereas at least 50% of cracks in the areas near the central
borehole are open. Most large cracks in quartz, whether open or filled, have
rough surfaces, suggesting that dissolution occurred at some point during the
experiment. Some of this dissolution may have occurred during the initial
heating when fluid residing in the sample was everywhere undersaturated.
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The distribution of cracks in the intact sample is not completely homogene-
ous. Grain boundaries surrounding quartz are usually cracked open or have
been cracked open at some time and subsequently filled. However, grain
boundaries between the two feldspars are only rarely cracked open both in the
starting material and in the intact experimental sample. Thus, the fluid
pathways are more effectively connected in the regions containing quartz. The
geometrical distribution of quartz would seem to be important in determining
the permeability of granitic rocks.

The chemical composition of fluids discharged from the sample has been
determined by analyzing fluids that were withdrawn from the sample at several
times during the experiment (Moore et al., 1983). Silica contents of
discharged fluids measured for the experiments NWD 2100 and NWD 2200 were 210
and 50 mg/L, respectively. The fluid residence times were 2.0 hours for
NWD 2100 and 5.7 hours for NWD 2200 with the higher effective pressure causing
the longer fluid residence time. We have developed a simple numerical integra-
tion routine to calculate the silica contents of fluid in the sample as a
function of radius. This calculation is hased on kinetic equations for silica
dissolution and precipitation (Rimstidt and Barnes, 1980). The variation in
fluid residence time between these two experiments can account for about 60%
of the observed variation in silica content of the discharged fluids. An
additional factor that may contribute to the observed variation is a potential
change in the A/M (area of reacting surface/mass of water) ratio for cracks
with time resulting in more efficient precipitation.

We have also calculated the total amount of silica precipitated in the
samples hased on Rimstidt and Barnes' (1980) rate equations. Calculations for
NWD 2200 indicate that the maximum volume of quartz precipitated accounts for
8% of the crack porosity at a distance of 3 mm from the borehole wall.
Utilizing a relation between crack porosity and permeability (Brace, 1977) we
find that a simple solution-precipitation model of crack sealing, in which the
precipitating quartz uniformly coats the cracks, can account for 22% of the
observed 96% permeability reduction in the NWD 2200 experiment. This result
differs from that obtained ty Keith et al. (1985), in that they calculated a
greater permeability reduction than actually observed. The reason for this
discrepancy is not immediately apparent.

A second potential mechanism that could contribute to the observed
permeability reduction is crack healing. Crack healing can reduce crack
porosity by the dissolution and reprecipitation of quartz on a local scale
within cracks (Smith and Evans, 1984). The reprecipitation during crack
healing occurs in crystallographic continuity with the surrounding grain. A
third possible effect that could reduce permeability is due to the geometrical
characteristics of the material precipitated. The precipitates may have
effectively closed off cracks bty forming bridges. Thus, even though the total
amount of precipitated material might be small, the net effect on permeability
could be large. SEM observations tend to support both of these additional
sources of permeability reduction. The low crack density near the borehole
suggests crack healing. The platy texture near the outer edge and the
occurrence of open cracks interrupted by massive fillings near the borehole
both indicate inhomogeneous precipitation. The precipitation of calcite,
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which appeared to be greater in areas near the borehole may have made
important contributions to the permeability reduction. Finally, the precipi-
tation of other minerals such as zeolites could be important especially in the

cracks in feldspars where locally higher Al concentrations may have occurred
in the fluids.
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APPENDIX A

The rate equation for dissolution and precipitation of silica (Rimstidt
and Barnes, 1980) can be applied to our experiments by calculating the changes
in silica content that occur as the fluid is suhjected to a series of tempera-
ture variations designed to simulate its movement through the real sample.

The two most important variables in this problem are the temperature, which is
a function of the radius in the sample (Figure 16), and the local fluid
residence time. The local rate of change in fluid composition may be obtained
from the rate equation,

qn - (MK, - km) (1)

where m is the molal concentration of HySi04 in solution; A/M is the ratio
(area of reacting solid/mass of water); ks and k_ are the rate constants

for dissolution and precipitation respectively. This equation was obtained by
Rimstidt and Barnes (1980) under the assumption that the activity coefficient,
YHsSi04s 3Si0, and ay,o are all constant and are therefore included in

tﬂé ra%e cons%ants. ?he A/M ratio can be calculated from an assumption of the
crack width (Rimstidt and Barnes, 1980). For the calculations discussed in
this paper, the assumed width is 1 micron, giving an A/M ratio of 2500.

Equation 1 has the solution,

m(t) = k,/k_+ (my - k+/k_)e‘(A/M)k_t o

where my is the starting concentration. Because the temperature is not
constant in the sample, the silica content of the fluid varies with radius and
must be calculated iteratively using equation 2, with changing values of the
two rate constants and the local residence time. For the calculation, the
sample is divided up into a series of 20 concentric cylinders and the silica
content of the fluid was recalculated in each one. Thus,

-(A/M)k_t
me = ky/k_ o+ (me 4 -k /K e - (3)
where m;_1 refers to the concentration of H4Si04 in the fluid in the

cylinder immediately within cylinder 1.

During each experiment a known amount of fluid passed through the sample.
Because the total fluid residence time increased as the experiment progressed,
the calculation of the amount of quartz deposited required the total amount of
fluid to be represented as the sum of small increments. Each of these incre-
ments corresponded to a particular glohal fluid residence time. By calculating
the amount of material dissolved or precipitated in each hypothetical cylinder
of the sample for each increment of fluid that passes through, one can ottain
the local change in crack porosity. The crack porosity for Westerly Granite
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is 2x10-3 (Brace et al., 1968). This has been adjusted to account for reduc-
tion of porosity due to the effective pressure ty using low pressure bulk

moduli (Brace et al., 1968). The result is an initial crack porosity of 0.9x10-3
at an effective pressure of 40 MPa . The sum of changes in porosity due to
dissolution/precipitation processes acting over the period of the experiment

is indicated in Figure 18 as a percentage of the initial crack porosity
(0.9x10-3). The residence time is related to flow rate and porosity ly

] 2wh¢(rf - ri)z 1n (rf/ri)

t T (4)

res =

where @ is the crack porosity, rf and rij are the outer and inner radii,
respectively, of the cylindrical sample; h is the length of the sample and Q
is the flow rate. The flow rates were calculated from the continuous record
of the volume of fluid that had been pumped through the sample. These rates
were fitted to a 6th order polynomial to obtain a crude expression for the
flow rate during an experiment. With this expression for flow rate, the
residznce time for fluid in the sample could be obtained easily from equa-
tion 4.
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APPENDIX B
INTRODUCT ION

The wafer experiment (NWD 3300) was similar to the NWD 2200 experiment
except that an artificial fluid pathway was established along the interface
between two polished surfaces of Westerly Granite (Figure 19). Fluid flow in
this sample had two components. One was flow along the interface and the
other was flow through the intact bulk sample. The wafer experiment was
designed to locate areas of dissolution and/or precipitation on the polished
surface. For the wafer experiment, NWD 3300, the sample assembly was the same
as that for NWD 2200 but the sample itself was modified. A disc of Westerly
Granite, 2.5 mm thick, that was highly polished on one side, was placed
between two larger cylinders of Westerly Granite (Figure 19). The polished
disc surface was matched with a polished surface on one of the large
cylinders. A gold shim was placed along the other interface to restrict flow
to the polished side. The thin disc was used to simplify sample preparation
for SEM analysis. The NWD 3300 samples was taken from a block originating in
the same quarry as the NWD 2200 sample.

OBSERVAT IONS

Permeability in NWD 3300 was significantly higher than the permeability of
an intact sample (Figure 2). But the permeability dropped significantly during
NWD 3300 as is commonly found for the intact samples.

SEM observations were made on two 2.5 cm squares that were cut from the
wafer sample (NWD 3300) without using coolant, in order to preserve any
delicate structures on the surface. One of the squares was cut from an area
near the borehole and a second from the outer edge of the sample. These two
squares were carbon-coated but no other surface preparations were made.

The appearance of the polished surface in the SEM after the experiment
suggests dissolution. The entire surface is pitted to about the same degree,
with the exception of mica grains which have rounded smooth surfaces (Fig-
ure 20). The area shown is approximately 1 mm from the central borehole, tut
the outer edge of the wafer has an identical surface texture. The only
difference in surface texture among the three major minerals is that, in some
orientations, the feldspars have pits that are elongate along crystallographic
directions. The pitting has obscured most other surface features with the
exception of grain boundaries. However, it is not possible to determine
whether or not the grain boundaries are cracked. There is no evidence of
precipitation such as the presence of mineral fibers on the polished surface.

DISCUSSION - NWD 3300

The effect of introducing the polished interface was determined ly
comparing permeabilities in NWD 3300 and NWD 2100; experiments with identical
run conditons. NWD 2100 is labeled W250 in Moore et al. (1983). The perme-
ability in NWD 3300 was greater Ly a factor of 4.6 initially; this decreased
to a factor of 1.7 after 9 days. Because permeability dropped ly a greater
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amount in NWD 3300 than in NWD 2100, it is evident that sealing processes
operated along the interface in NWD 3300 in addition to those which operated
in the bulk portion of the sample.

A further quantitative analysis of the effect of the polished interface on
effective permeability and fluid composition requires a comparison of flow
rates in the NWD 3300 sample with those for an intact sample held under identi-
cal conditions (NWD 2100). The amount of fluid discharged from the intact
portion of the NWD 3300 sample can be calculated from the flow rates obtained
in the NWD 2100 experiment. For this calculation, the flow rate in NWD 2100
was adjusted for the different pressure drop assuming Darcy's Law. Using the
flow rate measured 3 days after the temperature was raised and comparing it
with the flow rate at 3 days for the intact sample under similar conditions,
the percentage of total fluid flow that occurred along the interface is 51%.
Intuitively, this is reasonable hecause the pore pressure difference in the
two experiments varies by a factor of 2 yet the flow rates are almost the same.
The concentration of silica in fluids discharged from the samples NWD 2200 and
NWD 2100 were, respectively, 50 and 210 mg/L. We use the following expression,

Ssi,i = (Ca% - Csi,6%/Y

to obtain the concentration of silica in fluids discharged from the interface.
Cd is the silica concentration measured for NWD 3300; csj p is the silica
concentration estimated for the fluids discharged From the intact bulk portion
of NWD 3300. Q, Qp and Qi are the flow rates for, respectively, the

entire sample, the intact portion and the interface. Because about 51% of the
total flow occurred along the initially polished interface, we find, from the
expression above, that this interfacial flow accounted for 42% of the total
amount of silica removed from the sample. The pitted appearance of the
initially polished interface is consistent with these calculations. What is
peculiar about the condition of the surface is that pitting extends to the
outer edge where calculations indicate that the fluid was supersaturated with
respect to quartz, chalcedony and alpha-cristohalite (Moore et al., 1983,
similar conditions as NWD 2100) throughout the experiment. This is difficult
to reconcile with the other information concerning this experiment. The dis-
charged fluids were supersaturated with respect to quartz, yet quartz appears
to be dissolved even near the outer edge of the sample. The same texture
appeared on the surfaces of the feldspars although the discharged fluids had
very low aluminum concentrations. One possible explanation of the uniform
pitting over the wafer surface is that the polishing process created a surface
layer of highly soluble material. This might be an amorphous material or a
gel composed of water molecules and ultrafine particles. Either could reside
in extremely small surface irregularities.
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FIGURE CAPTIONS

Figure 1. Schematic of the sample assembly, showing an intact Westerly Granite
cylinder as used in experiment NWD 2200.

Figure 2. Permeability (nda) as a function of time from initial heating for
experiments NWD 2200 and NWD 3300. The vertical dashed 1ines represent
times when the pore pressure fluid pump was being recharged. Some
ano?a1ous peaks occur at times when fluid was withdrawn for chemical
analyses.

Figure 3. Diagram of crack section locations. The two solid circles are the
inner and outer radii of the sample. The dashed circles, labeled CS, are
the positions of the two crack sections. The numbers identify locations
of the areas studied in detail using SEM (1:1 mm from the borehole, 2:5 mm
from the btorehole, 3:0.5 mm from the outer edge).

Figure 4, Starting material, Westerly Granite (SEM). A) Grain boundary
between K-feldspar (K) and quartz (Q) is uncracked at this resolution.
B) Intragrain crack in quartz intersecting an open crack along a grain
boundary between quartz and K-feldspar. Small grains of polishing
compound are visible,

Figure 5. NWD 2200, 0.5 mm from outer edge. A network of large intragrain
cracks and grain boundary cracks in quartz (crack section - SEM)., The
intragrain cracks are marked with small arrows, all other visible cracks
follow grain boundaries. A large arrow points to a place where an
uncracked grain boundary exists for a short distance. The letters denote
areas in which higher magnification micrographs were prepared. Some of
these are shown in subsequent figures.

Figure 6. Intragrain cracks in quartz (all SEM). A) Starting material, crack
containing isolated silica-rich bridges. B) NWD 2200, 0.5 mm from outer
edge. Note the variation in crack width and the presence of filling.

C) NWD 2200, 1.0 mm from borehole. Open cracks 1ike this one are common
near the borehole. These cracks contained fewer silica bridges than the
starting material. D) NWD 2200, 5.0 mm from borehole. Open cracks like
this one are not as common here as in the area immediately adjacent to the
borehole. Note also the somewhat rougher crack surfaces than in the
starting material.

Figure 7. NWD 2200, 3 mm from outer edge. Narrow intragrain crack in quartz
with associated micropores (SEM). 1In certain locations this crack was so
narrow that it could not be resolved using the SEM.

Figure 8. Intragrain crack in the feldspars (all SEM). A) Starting material,
an intragrain crack in K-feldspar meets an uncracked K-feldspar (K) -
plagioclase (P) grain boundary. B) NWD 2200, 3 mm from outer edge, crack
in K-feldspar has associated pores. C) NWD 2200, 1 mm from borehole crack
in K-feldspar is narrow and sinuous with no filling. D) NWD 2200, 5 mm
from borehole, crack in plagioclase contains a filling. This area has a
very low pore density compared to that often found in the plagioclase.
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Figure 9. Plagioclase - K-feldspar grain boundaries. A) Starting material
(BSE). B) NWD 2200, 1 mm from outer edge. A large open crack is present
in plagioclase but does not follow the grain boundary (BSE). C) NWD 2200,
1 mm from borehole (BSE). D) NWD 2200, 5 mm from borehole (SEM).

Figure 10. NWD 2200, 5 mm from outer edge. Optical micrograph, plane 1ight,
grain boundary between quartz and plagioclase (marked GB). Parallel
cleavage cracks (marked C) present in plagioclase.

Figure 11. NWD 2200, 0.5 mm from outer edge, both SEM. A) Location B in
Figure 6, intersection of grain boundary cracks. The filling in this
crack intersection is platy, as indicated by the dark area in the center
of the micrograph, which is an opening to a cavity in the filling.

B) Grain boundary crack with filling, location C in Figure 6.

Figure 12. NWD 2200, 0.5 mm from outer edge, both SEM. A) Location D in
Figure 6. B) Location E in Figure 6. An enlarged space or cavity (associ-
ated pore) along a grain boundary crack between two quartz grains. The
filling in both of these micrographs contains cavities.

Figure 13. NWD 2200, energy dispersive x-ray spectra from cracks in quartz:
A,B) Cracks about 1 mm from the outer edge, C) Massive filling in grain
boundary crack, 1 mm from borehole, D) Cracked filling with massive appear-
ance similar to that of (C), 1 mm from borehole.

Figure 14, NWD 2200, 1 mm from central borehole, both SEM. A) Grain boundary
crack with massive filling intersecting open crack with scalloped appear-
ance, filling is Si-rich. B) Intragrain crack, open.

Figure 15. NWD 2200, cracks in quartz near borehole, Ca-rich fillings, both
SEM. A) 1 mm from borehole. The crack in the filling itself (identified
by arrows) may have developed during depressurization or temperature
reduction at the end of the experiment (SEM). B) 5 mm from borehole.
Intragrain crack with massive filling.

Figure 16. Solubility of quartz as a function of radius in the NWD 2200
experiment as calculated from empirical formulas (F & P - Fournier and
Potter,1982; R & B Rimstitdt and Barnes, 1980). Points plotted are silica
contents of discharged fluids and the number of days from the initial
heating of the sample is indicated for each point. Temperatures in the
sample are also plotted.
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Figure 17. Plots of silica content of fluids in the sample as a function
of radius. These plots represent the results of calculations based on
Rimstidt and Barnes' (1980) rate equations as applied to our experiments.
As fluid enters the sample its initial silica content is presumed to be
zero. The silica content increases rapidly (curves A and B) due to disso-
lution of quartz. After reaching a maximum the silica content drops due
to precipitation in the cooler regions of the sample. Curve A represents
a total fluid residence time in the sample of one hour, curve B is for
24 hours. Curve C is the equilibrium solubility of quartz. These fluid
residence times are characteristic of the early and late portions of the
experiment NWD 2200. A complete discussion of the calculations is
contained in Appendix A.

Figure 18. This plot represents the amount of quartz deposited in sample
NWD 2200 as a percentage of the available crack porosity. The calculation
is hased on Rimstidt and Barnes' (1980) rate equations and is discussed in
detail in Appendix A. The region of maximum deposition is located close
to the borehole but the amount of quartz deposited is less than 10% of the
available crack porosity.

Figure 19. Schematic of sample configuration for wafer sample experiment
(NWD 3300). Portions of the sample assembly that are not shown are
identical to Figure 1.

Figure 20. NWD 3300, SEM, this surface was initially polished, but, after the
permeability experiment, both quartz (upper left) and plagioclase (right
side) are pitted. The biotite is smooth and rounded. This surface
texture extends over the whole area from the borehole to the outer edge.



TABLE 1

Experimental Conditions and Permeabilities

NWD 2200 NWD 3300
Confining Pressure (MPa) 60 30
Pore Pressure (MPa) 20 10
Pore Pressure Difference* (MPa) 1.0 0.25
Temperature, Borehole (°C) 300 250
Temperature, Jacket (°C) 92 81
Duration of Run (Days) 13 22
Initial Permeability (nda) 243 3400
Final Permeability (nda) 9.3 71

* As measured between the borehole and the jacket
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TABLE 2
Chemical Analyses of Discharged Fluids (mg/L)

Run # (Time) pH Si02 Na K Mg Ca Al HCO3 S04 F C1 Balance (%
days

NWD 2200 1.0 7.6 47 62 32 4.4 91 300 36 3.8 91 -5.6
3.1 7.6 59 76 33 6.4 87 340 66 3.6 87 0.2

3.9 7.2 58 81 36 6.1 77 320 66 3.3 77 -4.9

4.9 7.0 69 81 37 7.5 73 350 70 3.5 73 5.6

8.0 7.6 34 78 41 6.8 64 320 60 3.6 64 4.8

NWD 3300 3.0 7.3 18 36 15 2.3 32 0.01 140 12 3.7 30 3.7
49 6.9 200 38 12 2.0 33 0.02 150 11 3.7 26 3.6

7.9 6.7 150 40 13 2.3 33 0.01 18 11 4.1 23 -3.4

16.0 6.9 160 48 13 2.5 41 220 12 4.9 21 -0.7

19.0 6.8 160 48 12 2.3 37 0.01 220 10 5.0 17 -2.8

21.9 6.8 160 48 11 2.1 35 220 9 5.0 12 -2.4
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AREAS OF SEM STUDY

Figure 3.
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